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RESEARCH MEMORANDUM

FORCED-CONVECTION HEAT-TRANSFER AND PRESSURE-DROP
CHARACTERISTICS OF A CLOSELY SPACED
WIRE MATRIX

By Louls Gedeon and Milton D. Grele

SUMMARY

An investigation was made of the forced-convection heat-transfer
end pressure-drop characteristics of a staggered closely spaced 0.020-
inch wire metal-to-air heat exchanger. Eight wire banks were electri-
cally heated, apnd the range of varlasbles included bulk Reynolds numbers
based on wire diasmeter and meximum veloclity, from 82 to 1900, averasge
wire temperatures up to 1109° R, and heat flux densitles up to 84,000
Btu per hour per square foot. An attempt was made to correlate the
isothermsl wire-screen pressure-drop data of various investigators.

The hest-transfer data based on the physical properties of air at
the £film temperature resulted in a good correletion throughout the range
of Reynolds numbers investigated. The data were eveluated on the basis
of free-flow factor as well as porosity, which is a measure of the vol-
ume of void within the wire mstrix. The scatter of the data was reduced
by means of a modified correlation method In which the product of the
ailr density at the film tempersture and the bulk upstream velocity was
substlituted for the conventionsl mase flow per unit cross-sectional area
in the Reynolds number.

Isothermal wire-screen pressure-drop data of varlous investigators
were cross-plotted to determine a correlation of drag coefficient and
free-flow factor. The result obtained was applied to the data of the
present investigation.
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INTRODUCTION

The use of an air-cooled nuclear reactor as a power source for pro-
pulsion of aircraft is of considersble current interest. Inasmuch as
alr is & relatively poor heat-transfer medium, it is desirable to incor-
porate ag much heat-transfer surface Ilnto such & reactor as 1s feasible.
To do this, fine-grained heat-transfer matrices are required. One pos-
sible matrix consists of banks of small wires, or screens, 1n which the
heat 1s genersted, and acrose which the cooling slr is passed. Forced-
convection heat-transfer data for such fine-grained configurations are
sparse, and what data are available have been cbtalned by tramsient
techniques at extremely low hegt-flux densities. All avallable
pressure-drop data were obtained for isothermsl flow.

An experimentel investigation has been undertaken at the NACA Lewis
laboratory to augment knowledge on the hegt-transfer and frictlon char-
acteristics of wilre matrices. As a part of this general program, an in-
vestigation has been conducted with ailr flowlng across eight banks of
closely spaced electrically heated ©.020-inch-dismeter Nichrcme V tubes.
The range of variables included bulk Reynolds numbers based on wire di-
ameter and maximum velocity, from 82 to 1900, average wire tempersgtures
up to 1109° R, and heat-flux densities up to 84,000 Btu per hour per
square foot. o ' ' B

APPARATUS

Alr system. - A photograph and & schemgtic diagram of the test set-
up are shown in figure 1. Air at a pressure of 120 pounds per square
inch gage is supplied through a surge tank, sir cleaner, and a bank of
orifices where the flow 1s measured. From the orifices the air passes
through a valve Into the inlet duct, through the test channel, across
the wire heat exchanger, and is exhausted to the atmosphere.

Heat exchenger. - A photograph, a schematic dlagrem of the test chan-
nel and test hest exchanger, as well as an enlarged photograph of a
thermocouple installation are shown in flgure 2, The heat exchanger wsas
mede up of eight banks of Nichrome V tubes with 0.020- and 0.010-inch
ocutside and inside dismeters, respectively. BEach bank consisted of 48
tubes with & 0.039-inch spacing between tube centers. The matrix was
fabricated to give a staggered tube arrangement with & 0.039-lnch spacing
between tube bank centers except for a spacing of 0.10 inch between the
fourth and fifth banks. The heat-transfer length of each tube was 2
inches, and the test channel dimensions were 2.0 lnches high by 1.9
inches wide. The free-flow factor for the mestrix was 0.494, and the
porosity, which i1s deflned as the volume of matrix volds divided by the
total volume of the matrix, was 0.821l. Nlchrame V tubing was used rather
than solld wires so that temperature measurements of the tube could be
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made. Chromel-alumel thermocouples were made, from O.003-inch-diameter
wire, by joining the two wires with sllver solder. A glass sleeving
with an outside diameter of gbout 0.007 inch was slipped over the ther-
mocouple, and the entire sssembly wes threaded into the particular
Nichrome V tube in which = temperature measurement was desired. The
Junction was positioned at a predetermined locstion, and the reading
obtained from the thermocouple wag considered to be the outside tube
wall tempersture, inasmuch as calculations showed that the temperature
drop through the wall was negligible. The chromel and alumel wires came
out at opposite ends of the tube and were fastened to terminal strips.
Thirty-two thermocouples were instelled in the matrlx, located at the
positions shown in figure 2.

The Nichrome V tubes were secured to copper header plstes which
served as a bus bar. The header plates were first drilled to give the
desired tube spacing, the tubes were slipped into place, and the entire
assembly was silver-soldered together. Electricelly the first four banks
were connected in parallel, as were the second four banks, and the two
sets of four banks were connected in series. To accomplish this, the top
heeder plete was spllit between the fourth and fifth benks by an electri-
cal Insulator. The spacing between the fourth and fifth banks was in-
cregsed to 0.10 Inch to decrease the possibllity of a short circuit in
the event the tubes began warping at elevated temperatures. To further
insure against a short circuit, 2 small glass tube was used as & spacer
and inserted between the fourth and f£ifth banks. The top header plate
was firmly fixed, while the lower header plate was allowed to move as the
tubes expanded at elevated itemperstures. This was accomplished by making
e slip fit of the header plate and the bottom of the flow channel and sus-
pending a weight from the header plate. A totally enclosed box at the
bottom of the flow channel housed the weight and the thermocouples that
came out of the tubes in the bottam header plete. The thermocouple leads
were brought out of the totally enclosed box through & rubber seal. This
box was sesled off from the atmosphere and was essentielly at the same
pressure as the flow channel, and therefore the leskage around the slip
fit at the bottom header plate and the bottam of the flow channel was
kept at & minimum.

The inlet and outlet air temperatures were measured by thermocouples
located approximately 1/4 inch before the first bank and 1/4 inch after
the eight bank, respectively. Thermocouple rakes consisting of six open-
ball chromel-elumel thermocouples were originslly installed to obtain in-
let and outlet air temperatures. However, the open-ball thermocouples
were found to be affected by radistion from the hested tube banks, and
therefore were replaced with a single aspirated chrcmel-glumel thermocou-
ple at the inlet and ocutlet side. It was found that & single thermocou-
ple located at the center of the flow duct on the inlet side was repre-
sentative of the inlet temperature. At the outlet, however, the tempera-
ture profile was not uniform, and a temperature survey was obteined by
teking measurements at seven transverse positions. The average of the
seven reedings was taken as the average outlet air temperature. It



4 o - .. ... . ..... . NACA RM ES4D12Z

should be noted that in filgure 2(a), the thermcouple rakes are shown at
the exit of the wire banks. The single aspirated thermocouple was used
for the test data, but the open-wall thermocouples were never removed
and no readings were taken with them. Three static-pressure taps at _
the inlet and exit were lacated on the copper bus bar which makes up
the top of the flow channel. The pressure taps were located 1/4, 7/8,

and l— inches from the first and eighth tube banks The transition
from the iniet tank.to the test flow channel was a rounded ‘entrance.

Electric system. - Electric power from a 208-volt 80-cycle line was
supplied to the test section, as shown in figure 1(b), through two satu-
rable reactors and = power transformer. A voltage regulator controlling
the direct-current supply to the reactor maintained close voltage regu-
lation at the primery of the power transformer for any setting (test-
section input) of the varieble transformer control. The capacity of
the electric equipment was 25 kilovolt-azmperes at a maximum input of
10 volts across the test section.. The power input was read from a
calibrated ammeter, volimeter, and wattmeter.

PROCEDURE

The experimental procedure wass as follows: +the alr flow across the
tube banks waes g€t at a minimum desired level, and the power imput was
adjusted to give the approximate desired average wall tempersture.

After equilibrium conditions had been reached, alil power input, pressure,
end temperature readings were recorded. The alr flow was then incresased,
and the power input was increased to maintain the desired tube wall tem-
perature, and the foregoing procedure was repeated. At the high welght
Tlows, considerable wire vibration was observed.  Prolonged vibration
could have damaged the Ilnstrumentetion wilthin the tubes; therefore, the
data of this investigation were limlted to the lower range of Reynolds
numbers. The procedure was repeated for three wall temperatures over a
range of flow rates.

RESULTS AND DISCUSSION

The basic date obtained in this investigation are listed in
tables I and II.

Heat balance. - The heat balance is shown in figure 3, where the.
total electrlc heat input Qp is plotted against the heat transferred

to the air @ as determined from the flow rate, specific heat, and in-
crease In total temperature. No heat-loss measurements were taken for
the heat exchanger. The solid 459 line 1s shown to represent the per-
fect heat-balance condition. It 1s seen that most of the data fall
within the 110 percent lines shown dashed.
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Tube-wall temperature distribution. - Representative axisl tube
bank temperatures are shown in figure 4. Each plotted point is an av-
erage tube bank temperature. The slight dip at the inlet may be due
to the fact that the heat-transfer coefficlient is lower for the first
bank than for the second baenk. A radistion loss from the last bank may
be the cause of the slight dlp at the exit.

Correlation of Heat-Transfer Coefficients

Heat-transfer coefficlents. - Average heat-transfer coefficients
were obtained from the following equation (All symbols are defined in
the appendix):

_ Wep,p(Tz - 1)
- TSt T

where:
T4 temperature at inlet of tube matrix

T5 average of seven thermocouple readings taken at different trans-
verse locatlions at exit of tube matrix

average well temperature of tube matrix (obtained by first aver-
aging the thermocouple readings for each individual bank and
then averaging the tempersture of the banks to obtein an aver-
age wall temperature of the matrix)

Ty arithmetic average of T; and Tj
S heat-trensfer surface area of the tubes

Hegt-transfer correlstion based on bulk temperature. - The correla-
tion of the average heat-transfer coefficients in which the physical

properties of the air are evalusted at the average bulk temperature is
shown in figure 5(a) where the Nusselt number hD/k, is plotted sgeinst

G
Reynolds number 39;. Data for three wall tempersture levels are in-
b
cluded. It should be noted that the minimum mass flow per unit cross-
sectional area divided by the free-flow factor GO/F is the maximum

mess flow per unit cross-sectional ares based on the minimum free-flow
area of the matrix. Included for comparison is the McAdams single-wire
equation (ref. 1), and the Grimison equation (ref. 1) which is calcu-
lated for the matrix reported herein. The Grimison Investigation wes
made down to a Reynolds number of 2000, and therefore the line
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representing these data wes extrepolated down to the Reynolds number
range of the present lnvestigation. In the McAdams single-wire equa-
tion and the Grimison equetion, the fluild physical properties are evalu-
ated at the film temperature; however, they are included for compariscn.
It is seen that all the data agree very well with the McAdams single-
wire eguation and fall below the Grimison line. No trend with wall-
temperature level cen be noted.

Heat-transfer correlation based on film temperature. - To mske the
heat-transfer dates compatible with the McAdams and Grimison equations,
data were computed with the air properties evalusted at the average £ilm
temperature. Figure 5(b) shows a plot of Nusselt number hD/kr plotted
agalinst Reynolds number GOD/ufF. It 1s seen that there i1s some ecat-
ter in the data, with the data fa2lllng progressively lower as the wall
temperature is incressed. The data fall approximastely 10 percent below
the McAdame single-wire line and have about the same slope. The data
fall ebout 33 percent low when campsared with the Grimison equation.

The trensient wire-screen heat-transfer data of Coppage reported in
reference Z show that the heat-transfer data fell far below the McAdams
single-wire correlation line at low free-flow factors and epproach 1t as
the free-flow factor i1s increased. At free-flow factors of 0.455 to
0.626, the heat-transfer data of Coppage fall spproximately on the
McAdems single-wire line. The data of the present lnvestigation were
obtained at g free~flow factor of 0.424 and are consistent with
Coppage's results in that the data fall Just 10 percent below the
McAdams single-wire correlstion line.

This would indicate that at relatively high free-flow factors,
wires in any particular configuration act as single wires go far as
heat transfer is concerned in that they are not greatly effected by
the surrounding wires. At low free-flow factors, however, the heat-
transfer characteristices of the wires are influenced by the other wires
in close proximity with them.

Fllm heat-transfer correlation on poroslty basis. - In reference 2
the translent wire-screen heat-transfer date of Coppage are correlated
by plotting the Nusselt number hD/kf against Reynolds number
GoD/ueP. It should be noted thet the Reynolds number was modified by

replacing the free-flow factor F with the porosity P. When the data
of reference 2 were plotted in this manner, all the data, representing
a range of free-flow factors from 0.156 to 0.626, fell on a single

line represented by the equation '

1D (GOD)O.554

— = 0.54 | —=
kf ufP
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The data of Coppage shown in reference 2 were obtained with wire
screensg, and a correction factor was gpplied to the equation Just
given to account for the heat-transfer ares covered by the overleap

of the wires. For the data of the present report, however, there is
no correction since the matrix is made of paraliel tubes with no cross
wires and therefore no overlsap.

Figure 5(c) shows a plot of Nusselt number hD/ky sagainst Reynolds
number GoD/ufP. As indicated, the physilcal properties of the air are
evaluated at the average film temperature. Included for comparison is
the correlation equation of reference 2. The data fall spproximately
20 percent below the correlation equation of reference 2. There is
some scatter in the data, the Nusselt number decreasing as the wall
temperature 1s increased for a constant Reynolds number.

Bulk hest-transfer correlation on a porosity basis. - A plot of
Nusselt number hD/k, agalnst Reynolds number GoD/up,P 1s shown
in figure 5(d}. The physical properties of the air are evalusted st
the average bulk temperature, and the Reynolds number is calculated
on a porosity basis. It 1s seen that the dats for the three wall
temperatures fall on & single curve. Included for comparison is the
line from reference 2 representing the heat-transfer dsta of Coppage.
Comparison with this line is considered Jjustified in that the deta of
Coppage were taken at very low heat-flux and tempersture levels, and
the data would not be noticeably altered by evaluating the physical
properties on a different basis. The data of this investigation fall
approximately 15 percent below the line of reference 2.

Modified hest-transfer correlation. - As shown by figure 5(a) there
is no trend in the heat-transfer data with well temperature level. How-
ever, 1f the well temperature range were increased, a trend would be ex-
pected to sppear, similar to that obteined in previocus work on the flow
of alr through heated tubes. In the air heat-transfer investigation for
flow through tubes as reported in reference 3, a trend with temperature
was found, and e sulitable correlation was reported by modifying the
Reynolds number. A similar trend was found in the analytical and ex-
perimental investigation of reference 4. The Reynolds number was modi-~
fied by substituting the product of the density at the film temperature
and the bulk free-stresm veloclty for the conventional masss flow per
unit cross-sectionel area. This method was applied to the date of the
present investigation by modifylng the Reynolds number in the following
manner




8 NACA RM E54D12

A plot of Nusselt number hD/kf ageinst modified Reynolds number
based on porosity ppVD/ueP is shown in figure 6(a). It is seen that

all the data fall on.a slngle line and give results similar to the bulk
heat-transfer correlastion on g porosity basis. The data again fall
agpproximstely 15 percent below the line of reference 2 representing

the dats of Coppage.

Similgr results were obtesined when the Reynolds number based on
free-flow factor was modified. A plot of Nusselt number hD/k; against

the modiflied Reynolds number bsged on free-flow factor prbD/pfF is

shown in figure 6(b). The dats fall within 10 percent of a line repre-
senting the McAdams single-wire eqguatlion.

Untll further experimental work hes been done, no statement can be
made as to whether free-flow factor or porosity correlates the wire
matrix data. Different conflgurations with various porosities and
higher wall temperatures must be investigated before any definite con-
clusion can be obtained.

Correlation of Pressure-Drop Datsa

Wlre-screen pressure-drop data of various investigators. - An ex-
tensive literature survey showed thet a conslderable amount of isother-
mal wire-screen pressure-drop data was avaellable for comparlson; how-
ever, no data were found for flow with heat transfer. The isothermel
data from these various sources covered a wlde range of varlasbles in-
cluding: Reynolds number, mesh size, free-flow factor, porosity, wire
gize, and number of banks. It should be noted thet the matrix of the
present investigation differs from those of the other Investigations in
that it has no cross wires.

The drag coefficient Ap/qN was plotted against Reynolds number
GOD/ubF Tor the wire-screen data. It was found that at Reynolds num-

bers of apout 300 and above, the coefficient Ap/qN was generslly in-
dependent of Reynolds number and increased with decreasing free-flow
factor. All the basic datas were not included in meny of the references,
and some assumptions were necessarily mede in order to reduce the data
to a usable form. The pressure drop Ap, with the exception of refer-
ence 5, was taken as the measured pressure drop across the screen wlth
no corrections. The velocity head q was based on the frontal area

of the sereen and the upstream denslity. The pressure-drop data of ref-
erence 5 were corrected for momentum pressure~drop loss, and the density
wes taken as the average density in the wire screen matrix. The data of
reference 5 were modified inssmuch as the Reynolds number range 1s high,
and the density change through the test sectlion becomes important.

3250
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Inasmuch as for the higher range of Reynolds numbers the drag co-
efficient Ap/gN is independent of Reynolds number, a plot of Ap/gN
against free-flow factor F 1is shown in figure 7. Data from refer-
ences 5 to 9 are included, as well as a dats point from the present
investigation. The best line through the data can be represented by
the equation

& _ o.215 p-2-69
g

the dotted line was teken from reference 2 and represents the wire-
screen date of that report. The equation representing the dotted
line is

&pt _ -2.3
S - 038 F

It is interesting to note that the data of the present report fall on
the dotted line of reference 2.

Correlation of pressure-drop data of the present investigation. -
The modified drag coefficient was determined from figure 7 and is de-
fined as follows:

v _ &' po.69

The equation with the free-flow factor raised to the 2.69 power was
chosen, since most of the data of the various references fall on this
line. Figure B8 shows a plot of the modified drag coefficient Cﬁ
against Reynolds number GOD/ubF for the date of the present investi-
gation. Data for three wall temperature levels as well as the isother-
mel case are included. The physlcal properties of the alr are based on
the average bulk temperature. The velocity head q' 1is based on the
frontal area of the matrix and the average of the inlet and outlet air
density. The pressure drop Ap' 1is deflined as follows:

&p' = A&p - Apep - MOpem - APex

where:

Op megsured static-pressure drop across tube matrix

Apen entrance pressure loss
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APy Womentum pressure loss ~

Aoy exlt pressure regain

It should be noted that the entrance pressure loss Apen and the
exit pressure regain A4p,, are opposite 1ln sign and nearly equal in

magnitude; therefore, the net result of these two corrections is insig-
nificent. The various terms were computed with the ald of the followling
schematic dlagram of the test section showlng the different stations:

3250
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| | ,
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o} 1 2 3
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Apen =Pg - P3 = ngb (1L -F)

Go? (1 + At/tg 1
Moy =Pp - Pz = 0g (l - &o/v, (l - F)

The equations are calculated assuming incompressible flow and are de-
rived in reference 10. The statlic tempersture t was assumed to be
equal to the totgl temperature T; for the range of flow and heat flux
encountered in this investigatlion, this assumption was found to be
valid. When sample calculastions were made to determine the entrance
loss and exit regaln with compressible-flow equations, no significant
difference was noted for the rsnge of temperatures and flows of the
present investigation. .

The momentum pressure loss was determined as follows:

o 2L 2
mom—g pZ-pl -
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It is seen that in the low Reynolds number range, the drag coeffi-
cients decrease as the Reynolds number is ilncreassed. The coefficients
become almost independent of Reynolds number sbove & Reynolds number of
about 400. The data hold together fairly well, and no definite trend
with wall temperature level exists for the temperature range
iInvestigated.

It should be noted that no measursble static-pressure difference
existed smong the three entrance static taps or among the three exit
static taps.

Comparison of desta. - The pressure-drop data of the present inves-
tigation are shown in figure 9 where Ap! /q is plotted against the
Reynolds number GOD/phF Included for comparison is the following

equation from reference 1l:

Ap' _ 0.38 §O-98
q! Fle3

A correction factor for Ap'/q' is given in reference 11. This correc-
tion factor varies from 1 at a Reynolds number of 1000 to 1.2 at a
Reynolds number of 200. This correction factor was not applied, as the
data of the present investigation check the predicted line very well at
Reynolds numbers of about S00 and above. No explanation for this dif-
ference can be given at this time.

SUMMARY OF RESULTS

An experimental investigatlion of forced-convection heat-transfer
and pressure-drop characterlstics of a closely spaced electrically
heated wire matrix over a range of Reypolds numbers (based on wire
diameter and maximum veloclty) fram 82 to 1900, average wire tempera-
tures up to 1109° R, and heat flux densities up to 84,000 Btu per hour
per square foot gave the following results:

1. The wire-matrix heat-trensfer data evaluating the properties of
glr at f1lm tempersture agreed fairly well with the McAdams single-wire
equation, but fell below the equation for Grimison's tube bank date.

2. When the dete were modified by basing the Reynolds pumber on the
porosity, the data fell slightly low when campared with the line recam-
mended by Jorden and Lapides. A further modificaetlion of the Reynolds
number, in which the product of the density at the film tempersture and
the bulk upstream velocity was substituted for the conventlonal mass
flow per unit cross-sectional area, resulted in a good correlstion of
the data; the correlation was slightly low when compared to a line
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representing the date of Jordan and Lapides. However, until a range of
configurations, porosities, and higher surface temperatures 1s investi-
gated, the correlation can be considered only preliminary.

3. Drag coefficients for isothermal wire-screen pressure-drop data
of variocus Investigetors were compared on a free-flow factor basis for
Reynolds numbers ebove 300. The best line through this date can be rep-
resented by the equation Ap/qN = 0.215 F-2.69., This correlation was
applied to pressure drop data with and without heat addition.

Lewis Flight Propulsion Laboratory
National Advisory Committee for Aeronautics
Cleveland, Ohio, April 15, 1954
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APPENDIX ~ SYMBOLS

The following symbols are used in this report:

U =2 W P ® @ =H g 'g é‘.a_

d

Apex

drag coefficient, Ap/qN

(2. 69

modified drag coefficient, EELTIWT—-

specific heat of air, Btu/(1b)(°F)

outside diameter of tube or wire in matrix, ft
free-flow factor of matrix

mess flow per unit cross-sectional area, 1b/(hr)(sq ft)

acceleration due to gravity, (4.17x108 £t/hr2)
average heat-transfer coefficient, Btu/(hr)(sq f£t)(°F)

thermsl conductivity of air, Btu/(hr)(sg £t)(°F/ft)
number of tube or screen banks

porosity of mestrix (volume of voide in matrix/total volume of
matrix)

static pressure, lb/sq £t

over-all measured static-pressure drop across matrix, 1b/(sq f£t)
corrected static-pressure drop scross matrix, lb/sq ft

entrance pressure loss, 1b/sq ft

exit pressure regain, 1b/sq £t

momentum pressure drop, 1b/sq ft

rate of heat transfer to air, Btu/hr

velocity head, GoZ/2gpg, 1b/sq £t
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modified velocity heed, Go2/2gp,,, 1b/saq ft

rate of electrlical power imput to test section, Btu/hr

" heat-transfer aree of tubes in matrix, sq £t

average bulk temperature, (T + Tp}/2, °R

average film temperature, (Tg + Ty,)/2, °R

3250

average surface temperature of matrix, OR

average bank temperature, °R

alr temperature at entrance to tube metrix, °R

aeir temperature at exit of tube matrix, °R

static temperature, °r

static temperature difference fram inlet to outlet of matrix, °R
upstream air velocity, f£t/hr

air flow, 1lb/hr

absolute viscosity of air, 1b/(hr)(ft)

density of alr, 1b/ftd

Reynolds number based on free-flow factor
Reynolds number based on porosity

modified Ré&ﬁélﬁs number based on free-flow factor

modified Reynolds number based on porosity

Nusselt number



ogeg

NACA RM E54D1z2 15

Subscripts:

av average

b bulk (when applied to properties, indicates evaluetion at aver-
age bulk properties, Ty)

£ film (when spplied to properties, indicates evaluation at aver-
ege film temperature, Tp)

o) station before matrix entrance

1 test section entrance

2 test section exit

3 station after matrix exit
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TABLE I. - BASIC EXPERIMENTAL ISOTHERMAL DATA
e Cos .(_}9.]?. &, By op| L5 | Py a', s
oR %% 1b F | lgt W | l?t 1b 1b
(br)(sq £t) ¢ sq ft 4 cu £t |sq ft

1(o43] 36.1 1,368 103 | o0.80( (1) 0.77}0.0713| 0.031|0.455
2{542| 40.6 1,539 16| 1.o02| (1) .98| .0715| .040| .458
3|542{ 45.9 1,739 131 | 1.23} (1) 1.18| .0715| .051] .433
41543| 52.8 1,999 150| 1.58| (1) 1.49| .0713| .067| .413
5|542| 62.3 2,361 178 2.01) (1) 1.91| .0715| .094} .381
6{544| 88.4 3,350 251| 3.80| (1) 3.39| .0712| .189} .334
7{544[112.4 4,256 319 5.51| 0.01i| 5.18| .0713| .305| .316
8|544|129.6 4,909 389| 7.09| .0i| 6.84] .0713| .405] .305
9544 143.4 5,431 408| 8.54| .02} 8.00| .0713| .496| .300
10|544|156.0 5,908 443| 9.97| .02| 9.32| .0713| .587| .296
11|544|221.7 8,398 630 20.72| .09| 19.39| .0714| 1.184| .305
12|544(276.5| 10,466 786 | 29.76| .20| 27.65| .0715| 1.836| .280
13|536]165.0 6,249 474| 10.64| .03| 9.93| .0728| .644| .288
14{536[193.2 7,319 556 14.17f{ .05| 13.19| .o0728| .882| .279
15|536|224.7 8;511 646 | 19.93} .09! 18.59| .0723| 1.192| .291
16|536(258.2 9,780 742| 24.50| .14| 22.71} .0729| 1.573| .269
17|536|291.2| 10,828 837| 30.69| .23| 28.25| .0730| 1.926| .263
18|536(305.9| 11,587 880| 34.91| .28| 32.35| .0731| 2.204| .274
19|539|335.4| 12,704 962 | 45.47| .32| 42.44| .0730| 2.651| .298
20|540(370.9| 14,051 1063| 57.28{ .49| 53.26| .0731| 3.239| .3086
21|536/438.1| 16,595 1260| 74.77| 1.24| 68.87| .0736| 4.490| .286
221540{497.6| 18,849 1424 | 99.72| 2.04| 92.18| .0734| 5.805| .296
231539{530.5| 20,093 1518 |106.46[ 2.58| 97.68| .0735| 6.586| .276
24 |546|592.9| 22,459 1688 (151.44| 3.71}140.13| .0737| 8.211| .318
25|542|658.9| 24,958 1882 (184.22| 6.33}169.07| .0743(10.047| .313
26 |534|116.4 4,411 336| 5.45| (1) 5.12f .0741| .315| .304
27 15341191.2 7,242 552 13.49| (1) | 12.80| .0742| .847| .277
28|534(238.9 9,048 690 21.31| .02| 19.90| .0743| 1.321} .281
29 |534|278.4| 10,548 g8o4| 27.61] .07| 25.67| .0744| 1.793| .287
30|534|114.6 4,342 33L} 5.24| (1) 4.92| .0741| .305| .301
31|534|188.4 7,137 544 | 13.12) (1) | 12.26] .0742}( .823| .278
321534|242.8 9,196 701| 22.26{ .03| 20.80| .0743}| 1.364| .284
33|534|284.4| 10,771 g821| 28.768| .08{ 26.72| .0744| 1.870| .266

INppom Wes less than 0.0l 1b/sq ft.




TABLE II. - BASIC EXPERIMERTAL HEAT-TRANSFER DATA

Tos|Ty - Tgr| Tar| ¥ Gy Q, /8, h, hD | kD op, [ &' Ve, || Cf
Sl or | & e Btu | Btu Btu E, 3—9} g S U R
hr | 15)Teq TET hr |{er){sq £t)| (or)(eq TEI{7F) eq ft| 8q It} Smrloseg
s4a| 131 | ego| e2.7| 1,809 | 1,543| 4,009 52.6 5.1| 4.8] 111 | 109 | c.09| 1.20[0.0842[0.049[0.456
s47| 118 | ses| 57.7| 2,185 | 1,630] 4,887 80.1 5.9( 5.6 152 | 145 | .14| 1.89| .0849] .os8| .399
547 105 | das| 79.9| 2,950 | 1,925 5,747 67.0 6.7| 8.3 208 | 196 | .23| 3.08| .0s56] .158| .61
547 1001 | 69a|104.4| 3,855 | 2,541 7,584 77.9 7.8| 7.5| 278 | 258 | .48l s.20| .0658| .285| .340
ss71| @87 | ses|147.8] 5,8 | 5,459 10,328 4.4 a.5|8.8| 308 | 373 | .80 9.70| .o872| .ss4| .323
537 84 | ess|181.8| 5,880 | 3,678| 10,574 102.8 i0.5| 9.7| 493 | 482 | 1.06| 13.53| .0679| .836| .302
s37| B0 | ess|226.8| 4&,580 | 4,351 12,987 117.0 12.0[11.1| 817 | 578 | 1.e0| 20.28 .0683[1.896| .291
|ss8| 71 | ess|zo3.6{ 11,500 | 5,175 15,440 137.2 14.4[15.3| a0 | 75 | 2.69| 35.40| .oesa(z2.508| .270
s38| 67 | 683|359.3] 13,509 | 5,804| 17,327 156.5 16.2[14.9| 987 | 920 | 5.78] 47.54] .0692|3.210| .276
s40| 64 | eas{4ze.2| 18,259 | 5,554 18,563 172.4 17.9 |16.4|1178 |108e | 5.51| 66.85| .0664[4.687| 273
s¢1| 58 | eps|ssa.s| 20,210 | 7,521 22,450 196.0 20.4[18.7[1487 |17 | 9.00)102.23| .pr00|7.000 .272
saa| 8¢ | ewrlero.s| es,im | v,9m2| 23,672 204.0 21.2[10.41678 |1568 |12.49{13a.27{ .07045.122| .283
ssz| 351 | go9| <8.8| 1,860 | 3,885 11,597 50.4 5.1| 4.8 113 | 105 | 0.28| 1.81]0.0875|0.071]0.504
553| 317 | 919 63.4| 2,400 | 4,857] 14,499 69.9 6.0 5.3| 148 | 135 | .48 =2.92| .0578| .120| .435
ss3| 279 | 918 7.4 3,309 | 5,885 17,567 77.9 6.8} 6.0] 208 | 186 | .78| 4.86| .0588| .223| .40
ss2| 249 | 941|138.3| 5,185 | 8,179] 24,415 9.2 8.3] 7.1| 330 | 281 | 1.70| 10.29| .c599| .534| .33
se9| 333 | 980| 89.1] 3,375 | 7,178] 21,418 8L.1 6.9] 6.0 207 | 18¢ | .97| s5.23| .0577( .237| 411
548/ =277 | 91p| a7.8] 3,318 | 5,860[ 17,493 75.1 6.8 5.8 210 | 188 | .78| 4.80| .0592| .223| .401
ses 202 | som|ips.4| 7,328 | 9,398 28,064 112,8 10.4| @.0| 483 | 425 | 2.83| 17.88| .oe18|1.041] .320
s47| 185 | eis|2e1.0f 10,644 12,408 37,080 18,8 15.0(11.1| 711 | 620 | 5.57| 52.63| .0628|2.164| .281
s46| 161 | sez|ss5.of 13,447 13,733 40,801 154.6 14.8(13.5| 910 | 793 | 8.10| 49.85| .0640|3.388( .273
sa6| 152 | a9p|429.8| 16,280 |15,753| 47,084 172.7 6.6 |14.0{1107 | 960 |11.74| 72.28| .0848|4.508| .274
sae| 132 | sse|s16.1] 19,543  16,338| 48,773 198.4 19.3(|16.4(1851 1180 |15.69(100.51| .0662|6.018 .271
s44| 119 | Ba7[er0.9] 23,140 [17,427| 53,02 £13.9 21.2(18.0(1611 |1410 |21.92|148.01| .0675(9.512| .288
ss0| 411 | 967| 36.8| 1,388 | 5,6e4| 10,878 5L.3 a.2| 57| 82| 7| 0.20] 1.23/0.0556/0.041]0.552
ss1| 395 | ove| s2.2] 1,978 | 4,993 14,904 6L.2 5.0 4.4| 118 | 106 | .39| =2.13| .0558| .oBa| .472
s51| 3se | oee| 82.3| 2,558 | 5,388 15,084 68.2 5.7| 5.0] 143 | 128 | .s1| =2.75| .0567| .118| .435
ssi| 320 | o78) es.«| 3,274 | 6,878] 20,585 77.8 6.6| 5.7| 201, | 179 | .90| 4.77| .0574| .224| .397
s53| 336 |1o49127.6| 4,835 |10,378| 30,078 844 8.0| 8.7| 295 | 256 | z.02| 9.87| .0s72| .480| .379
sso| 32 |107s|185.8| 8,283  |12,930| 38,597 106.2 9.1 7.5| s8s | 331 | 3.29| 15.28| ,0578| .818( .348
540| 267 |1064|264.3] 10,03 [17,0m| so,839 134.7 12.0| 8.7 637 | 587 | 7.08| 32.93| .0s07|2.013[ 308
5431 242 |1060[360.3| 13,567 21,038 &2,803 161.2 14.6|11.7| 8ed | 735 [12.25| s4.27| .060e[3.672| .278
549| 238 |1024[43¢.2| 16,447 |24,892 74,308 178.4 16.1|12.8|1062 | 877 [18.14| 75.53| .o0e13|5.291| .266
548| 224 |1)09|525.4| 18,824 |28,283( 64,387 168.1 17.2(13.4 1890 |1050 |25.85|105.84| :.0822{7.574] .280
- - - a
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(a) Overall view.

Test setup.

Figure 1. -
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(a) Overall view.

Figure 2. - Test Section.
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{c)} Enlarged photograph of thermocouple
Figure 2. - Concluded.
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(b) Physical properties of sir evaluated at average film tempersture tpe
Heat-transfer correlation, :

Figure 5. - Continued.
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Drag coefficient, Ap/qN
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